Most insect herbivores are specialised on a particular plant taxon. To have a better understanding of host shift functions and consequences for insect herbivores, it is essential to gather more information on the effects of variation in host quality on specialists across species and environments. We examined the effects of seasonally atypical food on mortality, developmental time, and final body mass of six sawfly species (Hymenoptera: Symphyta) feeding on the foliage of mountain birch (Betula pubescens ssp. czerepanovii), whose pooled larval feeding periods form a gradient and cover the growing season. Insect phenology was manipulated so that the larvae of early-season species would feed on atypically mature leaves and mid-or late-season species would feed on atypically young leaves of their major host plant. Mortality increased dramatically for all species when the larval feeding schedule was advanced or delayed. This indicates a high degree of specialisation not only on a particular host but also to its phenological phases. The main cause of mortality on novel food was a rejection of the diet by the young larvae and their subsequent starvation. An interesting observation was that late-season species showed this response on nutritious young foliage. The effects of seasonally atypical diets on larval development and growth were speciesspecific and milder than the effects on mortality. Interestingly, for those individuals that accepted it, atypical food seemed to be most beneficial for species appearing at both ends of the seasonal gradient, which might be related to a wider exposure to variable food quality in natural conditions compared with other species. The diversity of responses to atypical food among closely related herbivore species with overlapping feeding periods on the same host plant is the most crucial finding of this study.
Introduction
The adaptive significance of host-plant specialisation in insect herbivores is still debated and remains unclear (Schoonhoven et al., 1998) . Measuring the diversity of herbivore responses to atypical food across species and environments may help to understand how shifts in host plant use might function and evolve within a community of specialised feeders. Unlike vertebrate herbivores, most insect herbivores are specialists, perhaps because of their small size in relation to their resources (Bernays & Chapman, 1994) , and it is often assumed that they are behaviourally, morphologically or physiologically well adapted to their hosts (Schoonhoven et al., 1998) . It follows that specialist insect herbivores may not accept new hosts or if they do, their performance is inferior to that of individuals feeding on original hosts because they lost the ability to deal with alternative food types (Bernays, 1998) . Negative effects of atypical food on insect herbivores include increased larval mortality, slow growth, small pupal or adult size, reduced fecundity, and abnormalities in adult hatching time (e.g., Mopper et al., 1995; Nicol et al., 1997; Tikkanen et al., 1999 Tikkanen et al., , 2000 .
Specialisation in insect herbivores may operate at different scales. Some insects feed on a limited range of host plants while others feed only on particular genotypes within a host plant species (Van Zandt & Mopper, 1998) or even certain cell or tissue types within an individual host (e.g., Kimmerer & Potter, 1987) . Furthermore, as a result of life history constraints or seasonal variation in environmental conditions, many insect herbivores have developed a preference for either young or mature plant tissues of the same host plant (Raupp & Denno, 1983; Coley & Aide, 1991) . Such kind of extreme host tissue specificity leads to a phenological specialisation and is widespread among leaf-chewing insects of trees. For instance, flush-feeding Lepidoptera depend largely on young leaves (Hunter & Lechowicz, 1992) whereas most sawflies rely exclusively on mature leaves (Haack & Mattson, 1993) . For those herbivores, changing the age classes of tissue available can approximate the effects of feeding on alternative host plants (Raupp & Denno, 1983; Raupp et al., 1988; Stoyenoff et al., 1994; Hunter & Elkinton, 2000) . The result of such a change in the diet can be drastic, most likely mortality by starvation due to a refusal to feed on atypical food (e.g., Schultz, 1983; Reavey, 1991) . However, some individuals within a population may overcome their behavioural barriers and finally choose to develop on atypical food (Schoonhoven et al., 1998) .
Seasonality has fashioned the life histories of insect herbivores in many respects. In a strongly seasonal environment like a deciduous forest of high northern latitudes, tender and nutritious leaf tissues are present only during a very short period. In addition, the developmental stage and time lapse used for overwintering will influence larval feeding initiation times and thus the types of food available during the following growing season. Even among species overwintering at the same stage, the larval developmental and feeding schedules may vary and form a seasonal gradient spanning from strictly flush-feeding insects to species that must include senescing or dead leaves in their diet. Species at both ends of the seasonal gradient are exposed to more variable food quality due to unpredictable abiotic conditions compared to feeders of truly mature leaves, and they may thus handle novel food types more easily than other species. For each species across the seasonal gradient of feeding schedules, individuals that are able to survive and develop on atypical food may adopt particular solutions that may change their performance relative to individuals feeding on usual food. Increased performance may favour a selection for genotypes feeding on atypical food if such diets become available due to exceptional abiotic conditions.
In Finnish Lapland, about 40 sawfly species feed exclusively or alternately on mountain birch (Koponen, 1983) . Some species feed on young expanding leaves while others feed on mature or senescing leaves, and altogether the birch sawfly community forms a seasonal gradient of larval feeding periods that spans the whole growing season. Several biochemical and mechanical characteristics of mountain birch leaves change rapidly during leaf growth and senescence, but remain stable for about one month and a half during the middle of the summer (Haukioja et al., 1978; Ayres & Maclean, 1987; Hanhimäki et al., 1995; Nordell & Karlsson, 1995; Nurmi et al., 1996; Kause et al., 1999) . Young expanding leaves are soft and rich in water and nitrogen, of which the availability declines simultaneously with increases in leaf toughness and concentrations of hydolyzable tannins (Haukioja et al., 1978; Ayres & MacLean, 1987; Ossipov et al., 1997; Kause et al., 1999) . These changes are presumably behind the declining larval growth rates of the earlyseason insect species during leaf maturation (Ayres & Maclean, 1987; Nurmi et al., 1996; Kause et al., 1999) . Moreover, when the larval performance of 14 sawfly species and the spring-feeding geometrid Epirrita autumnata (Bkh.) were tested on the leaves normally encountered in the field, it was shown that larval growth rates of the early-season sawflies feeding on expanding leaves are generally higher compared with mid-or late-season sawflies feeding on mature leaves (Hanhimäki et al., 1995) .
In this study, we tested ways in which members of the mountain birch sawfly community have become specialised on the seasonally varying foliage quality. We manipulated the phenology of six leafchewing sawfly species feeding on a common host, the mountain birch (Betula pubescens ssp. czerepanovii (Orlova) Hämet-Ahti). We studied their abilities to grow on atypical foods represented by differently aged foliage. We sought to answer the following questions: (1) How well do sawfly larvae manage to grow and develop when they encounter a new nutritional and phenological landscape of leaves? (2) What are the effects of altered growth or development on final size (with possible fitness consequences) for those individuals that accept atypical food? (3) Is there any relationship between variability of food quality across the seasonal gradient and species-specific responses to atypical food? This study contributes new information on the diversity of insect herbivore responses to atypical food within a community of closely related species, and indicates that for some species and individuals, the acceptance of alternative food might have fitness advantages.
Materials and methods
Natural history. All study species overwinter as prepupae, that is full-grown larvae ready to pupate, and after a very short pupal period, adults emerge in the spring or in early summer. The females oviposit within the leaf blade or petiole. For all study species, the larvae are solitary leaf-chewers. Birch sawflies are univoltine but some individuals may have an extra long diapause and complete their development after being 1-5 years within a cocoon (S. Hanhimäki, personal observations). The timing of the larval periods of the study species form a seasonal gradient created by differences in timing of adult emergence and duration of the egg stage. In our experiment, we used the following species, in ascending order of seasonal appearance: Amauronematus amplus Konow, Nematus brevivalvis Thomson, Priophorus pallipes (Lepeletier), Arge spec. Shrank, N. viridis Stephens, and Dineura pullior Schmidt and Walter. Early-season A. amplus larvae initiate feeding on young expanding leaves, mid-season N. brevivalvis larvae may initiate feeding on young or nearly mature leaves, and lateseason larvae of P. pallipes, Arge spec., N. viridis, and D. pullior initiate feeding on fully mature leaves. Larvae of all species terminate feeding on fully mature leaves, except for D. pullior larvae, which may terminate feeding on senescing or dead leaves. All species belong to the family Tenthredinidae, except for Arge spec. (Argidae), which is a member of the A. ustulata-clavicornis group. For Arge spec. the name A. fuscinervis Lindqvist has been used in some earlier studies (Hanhimäki et al., 1994 (Hanhimäki et al., , 1995 . Dineura pullior was formerly known as D. virididorsata (Retzius) in previous studies (e.g., Haukioja et al., 1978) , but the species were recently separated by Schmidt & Walter (1995) .
Mountain birch is a low deciduous tree forming the tree line in subarctic areas of Northern Europe (Atkinson, 1992) . Like other birches, mountain birch is heterophyllous: all leaves of short shoots and early leaves of long shoots burst simultaneously in the spring. They are therefore of equal age within the canopy and form the vast majority of leaves in mature trees. The other type of leaves grows on long shoots and they are produced in low numbers as long-shoot growth takes place. In 1998, birch short-shoot leaves became fully mature around July 10 and senescence took place in mid-September.
Larval material. The experiment was conducted in 1998 at the station of the Kevo Subarctic Research Institute (University of Turku), in northern Finnish Lapland (69 • 45 N, 27 • 01 E). The larvae were the offspring of individuals collected as larvae from mountain birch two growing seasons before. Because variation among sexes could confound the results, only unmated female adults were used in oviposition bags enclosing birch branches and therefore all descendants were haploid males due to the absence of egg fertilisation (Benson, 1950) .
For each species, similarly aged larvae were used to begin the experiments for the control groups, i.e., feeding on naturally scheduled leaves. To produce larvae for control groups, ovipositing females were obtained from prepupae exposed to natural outdoor conditions at Kevo, and they were bagged to haphazardly chosen trees near the station. To provide young sawfly larvae with leaves different from those normally met in the field, we created unnaturally large variation in larval hatching by manipulating the timing of adult emergence in the spring. The females producing control and manipulated group larvae were sisters to avoid genetic differences among the treatments. To delay the development of A. amplus, which normally begins to feed on young leaves, the prepupae were kept in the cold (1 • C) ca. 10 days longer than naturally, up to the time when trees at a high altitude study site (Skalluvaara; 350 m a.s.l.) began to flush. During this period, leaf maturation had already taken place around Kevo station (80 m a.s.l.). Therefore, larval rearing could be started on atypically mature leaves. To advance the development of the other five species that usually feed mainly on mature leaves (N. brevivalvis, P. pallipes, Arge spec., N. viridis, and D. pullior), the experimental prepupae were transported to Turku (60 • 26 N, 22 • 10 E), in southern Finland (about 1300 km south of Kevo). Adults emerging in Turku were bagged on branches of arboretum-grown mountain birches at Turku University Botanical Garden. The trees were the progeny of open-pollinated wild mother trees from Finnish Lapland. By this method, the onset of larval development of the five species could be advanced by approximately one month compared with control larvae so that when the larvae were transported back to Kevo, we could feed them on atypically young leaves.
General rearing procedures.
The experiment was carried out in a laboratory room with constant temperature (12 • C ± 1 • C). Most of the time the day length was 24 h, but from mid-August onward it was reduced weekly to match outdoor conditions. These settings approximated the average environmental conditions during the summer at Kevo. The larvae were reared individually in transparent plastic vials (48 ml). There were 50 larvae per species and treatment, and altogether 600 larvae. Most advanced larvae of Arge spec., N. viridis, and D. pullior died at the beginning of the experiment because they refused to feed on atypical food. To study the effects of atypical food on growth and final size for those three species, another set of experiments was started with four days older larvae (third instar for Arge spec. and N. viridis, and second instar for D. pullior) and leaves than in the first set. Due to a shortage of reserve larvae kept on foliage from southern trees, sample sizes in these later batches were reduced (Arge spec. = 31, N. viridis = 43, D. pullior = 48).
The larvae in vials were offered one short shoot bearing 3-4 leaves, sampled on trees that belonged to the same local population near the station. The shoots were changed every four days. All vials were checked every two days for larval mortality, and every day once the prepupation period started. Throughout the experiment, a single tree per sawfly species was used and leaves were sampled randomly from a pool of ramets and branches. Although that might have influenced our results, it is unlikely to affect our conclusions because leaf quality variation caused by the large phenological differences between our two treatments were so drastic that potential among-tree variation could hardly account for species-specific responses in sawflies.
Variables and statistical analyses. Mortality, developmental time, and final mass were recorded. For all combinations of species and treatments, we calculated the percentage of dead individuals. Larval mortality data were analysed with chi-square tests and included the two sets of experiments for Arge spec., N. viridis, and D. pullior. To evaluate the performance of the surviving individuals, larval developmental time was calculated as the number of days between the beginning of the experiment and the date of prepupation. We also used final (prepupal) fresh mass, known to correlate with fecundity and assuming that females perform like males (Kause, 2000) , as a performance variable. Larval developmental time and final mass were analysed with t-tests and approximate t-tests were performed when variances were unequal (Sokal & Rohlf, 1995) . Statistical analyses were conducted with FREQ and TTEST procedures of SAS software (release 6.10; SAS Institute, 1990).
Results
For all species, the mortality of young sawfly larvae feeding on atypical food significantly increased compared to control larvae feeding on normal food (Table 1 and Figure 1 ). Mortality generally peaked at the onset of the experiment when the larvae were young and for most individuals it was due to a refusal to feed on atypical food. In the earliest species (A. amplus), the majority (58%) of second-instar larvae did not survive on mature foliage. In the following two species, N. brevivalvis and P. pallipes, a considerably large proportion (48 and 41%, respectively) of young larvae also died when fed on expanding young, instead of mature leaves. The highest mortality rates (73-100%) were found in the three latest species (Arge spec., N. viridis, and D. pullior) that fed upon young leaves. This prompted a second trial with larvae and leaves a few days older than in the first one. In this second trial, the numbers of deaths were low compared to the original test (mortality was 29%, 7%, and 16% for Arge spec., N. viridis, and D. pullior, respectively), suggesting that the susceptibility of larvae to atypical food decreases rapidly with their age.
The individuals that could complete the larval stage on atypical or normal food developed according to the schedules described in Figure 2 . The results for the larvae feeding on normal food show the seasonal gradient of developmental periods and the types of food usually available for the six species. In most species (N. brevivalvis, P. pallipes, Arge spec., and N. viridis), the lengths of larval periods of the two treatments did not overlap. The delayed larvae of A. amplus did not have access to young leaves, their natural diet. In two of the mature-leaf feeding species (N. brevivalvis and N. viridis), the larvae reared on atypical food managed to complete their development before full leaf maturation, and in the two others (P. pallipes and Arge spec.), they spent most of their developmental time on atypically young leaves. Advanced larvae of the latest species (D. pullior) spent about 20-25% of their developmental time on atypically young leaves. Changing insect phenology and consequently the food types available for the larvae also modified the duration of larval development of the survivors for all species but one, Arge spec. (Table 1 and Figure 3A) . Larvae of the earliest species (A. amplus) used 25% more time up to prepupal formation when reared on atypical (mature) instead of normal (young) leaves ( Figure 3A ). In the second species, N. brevivalvis, a similar increase in developmental time due to atypical food was found, but it resulted from a diet switch in the opposite direction: when started on atypically young leaves larval developmental time was 28% longer than in the control treatment with mature leaves. The responses were different and highly variable (ranging from 8% in P. pallipes to 38% in N. viridis) in the other species, displaying mainly shorter larval de- velopmental time when feeding began on atypically young leaves.
Due to our manipulations of the larval feeding schedules, the final (prepupal) size changed significantly in four out of six species (Table 1 and Figure 3B ), but the effects were small compared to developmental time. Interestingly, we observed the largest effect in A. amplus, the earliest species, which attained 15% higher fresh mass when offered atypically mature leaves only, a result that contrasts with the high mortality rate observed for the same species. In the second species, N. brevivalvis, feeding on atypically young leaves increased the prepupal size by only 7%. For the other species, P. pallipes, Arge spec., N. viridis, and D. pullior, the introduction of atypically young leaves in the diet had either slightly negative (6-8%) or no significant effects. 
Discussion
The high mortality of young larvae on seasonally atypical foliage confirms that each tested sawfly species is specialised on a particular type of food that is normally encountered in nature, hereby represented by a specific leaf age. Mortality of larvae presented with atypically young or mature leaves ranged from 41% to 100%, whereas mortality of control larvae was very low (not more than 10%), apart from the latest species that must finish its development when green leaf availability decreases rapidly. The critical point was that many young larvae did not accept atypical food and died of starvation (J. Martel, personal observations), irrespective of leaf age and quality. The refusal to feed on unusual food in young larvae seems to be a widespread phenomenon in insect herbivores and has been described before (e.g., Schultz, 1983; Reavey, 1991) . On the other hand, the larvae that survived the original shock of feeding on atypical food displayed speciesspecific responses in developmental time and final mass, which were partly associated with the variability of food quality across the seasonal gradient of feeding periods. The complexity and diversity of responses to atypical food among herbivore species feeding on the same host plant but with different phenologies is the main contribution of this study.
The larval feeding periods of the six tested sawfly species form a seasonal gradient, meaning that each species deals with different types of food during their development. Our manipulations of insect phenology changed drastically the types of food available (see Figure 2 ). For most surviving larvae, an alteration of their phenology meant feeding on atypical food through a large part of their development. Unlike control larvae, delayed larvae of the early-season species, A. amplus, did not have access to the nutritious young leaves during the crucial early stages of their development. For the following two species, N. brevivalvis and N. viridis, this 'ecological opportunity' allowed the larvae to complete their development on atypically young leaves, which are nutritionally superior in quality to mature leaves, their usual food (Haukioja et al., 1978; Ayres & MacLean, 1987; Nurmi et al., 1996; Ossipov et al., 1997; Kause et al., 1999) . Priophorus pallipes and Arge spec., two species normally feeding exclusively on mature leaves, managed to compete their larval development on a diet mainly composed of young leaves. These results confirm that individuals within birch sawfly populations are able to exploit novel food if they are given the opportunity to do so. However, these species showed diverse responses to atypical food in terms of developmental time, final mass, and growth. For instance, the combined results in terms of developmental time and final mass suggest that N. brevivalvis was growing more slowly on atypically young foliage than on usual mature foliage, whereas N. viridis was growing at a faster rate. These contrasting responses indicate clearly that the acceptance of atypical food in birch sawflies involves various solutions.
The relatively long exposure to mature leaves under natural conditions might explain why nearly one half of the young larvae of the early-season species, A. amplus, could grow exclusively on mature leaves. Furthermore, although A. amplus larvae deprived of young leaves took a much longer (25%) time to de-velop, they were able to grow 15% larger than the larvae reared on a typical diet. This relatively good performance of the early season sawfly species on mature leaves is somehow counterintuitive and contrasts with the frequently reported decrease in size or fecundity of early-season lepidopterans associated with leaf maturation (Drooz, 1970; Feeny, 1970; Hough & Pimentel, 1978; Mitter et al., 1979; Schweitzer, 1979) . Conversely, about half the larvae of the midseason species, N. brevivalvis, could survive and grow on unfolding leaves, an unusual diet for that species. A possible explanation for a relatively good acceptance rate of atypical food is that early larval development of both A. amplus and N. brevivalvis may overlap the point of final leaf maturation under natural conditions (S. Hanhimäki and A. Kause, personal observations) . Accordingly, these two species are probably adapted to highly variable food due to leaf developmental changes during maturation, although their development can be considerably retarded on atypical food (25-28% longer).
When reared on young leaves, all late-season species showed shortened developmental time compared to normally scheduled larvae, which suggests a nutritional superiority of atypically young leaves for these species. A shorter developmental time probably also relates to achieving rapidly the threshold body size for pupation (Nijhout, 1975) . This was in accordance with the relatively low between-treatment variation in prepupal size compared to developmental time. For instance, the prepupal size of all lateseason species was only slightly if at all affected by the introduction of young leaves into their diet. Schroeder (1986) found that the reduction in growth with leaf maturation was lower for a late-season than for an early-season species of Lepidoptera. She proposed that late-season species are 'nutritionally better adapted' to utilise nutritionally poor mature leaves than early-season species and that a lower plasticity in size could be an adaptation for species feeding on poor-quality and homogeneous leaves. Our results concur with this hypothesis, yet indicate a more complex picture. Sawflies species with different phenologies might be so specialised on a certain range of leaf age that they have lost the ability to exploit other resources, but this depends more on leaf acceptability than its value for larval growth. The relative insensitivity of final mass in late season sawfly species towards atypically young leaves might also result from constraints in life history schedules. For instance, larval hatching in spring-feeding Lepidoptera like E. autumnata in our study system coincides with leaf flush from buds. On the other hand, sawfly larvae cannot hatch so early because of oviposition schedules: females must insert their eggs in leaves or petioles not available during bud break. This causes larvae of these sawflies to consume nutritionally inferior mature leaves for most of their development even under totally natural conditions and therefore most species may not recognise young leaves as a valuable source of food.
The latest species in our study, D. pullior, must often complete its development very late in the season, on a mixture of mature, senescing or even dead leaves. Therefore, that species is also facing highly variable food quality under natural conditions. That might explain the smaller effect of atypically young leaves on the mortality rate of young larvae in D. pullior compared with the preceding late-season species. Moreover, a greatly reduced developmental time (18% shorter) and slightly affected final mass altogether indicate that this species was growing faster on young leaves and were therefore able to exploit their nutritional superiority. The larval developmental time of N. viridis, the second latest species, was also greatly reduced (38%) by atypically young leaves. Thus, the latest two species could benefit from an access to atypical food by developing faster and perhaps being less exposed to natural enemies (Williams, 1999) . Conversely, the two earliest species, A. amplus and N. brevivalvis, showed the highest increases in final mass on atypical food, which may have fitness advantages (Honek, 1993) . These results suggest that species more likely to be exposed to highly variable food quality (leaf growth at the beginning or senescence at the end of the growing season) might benefit more from an access to seasonally atypical food than other species, provided that the young larvae accept it.
In summary, our study confirmed that increased mortality of young larvae represents the most important hurdle in exploiting atypical food for insect herbivores. Most important, we showed that the effects of atypical food on the development and growth of surviving individuals were complex and varied among species, even among the phenologically overlapping late-season species. Also, we found that species towards both ends of the seasonal gradient were more likely to accept and grow on atypical food, perhaps because they are adapted to the more variable conditions prevailing at the onset and the end of the growing season.
